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CLATHRATE STRUCTURE FOR
ELECTRONIC AND ELECTRO-OPTIC
APPLICATIONS

the silicon substrate. If a large fraction of the clathrate
“cages” are empty, the silicon clathrate exhibits semicon
ductor behavior. If a higher fraction of the clathrate cages are
?lled With an alkali metal, rare earth metal, or other metal,
the silicon clathrate acts like a conductive metal. The
intermediate n-type silicon layer also acts as an adhesive

Silicon clathrates (SCs) are a form of silicon, Si, With a

novel crystal structure Which includes large hollow polyhe
dral cages covalently connected into a three-dimensional

layer for adhering the silicon clathrate layer to the silicon

rigid netWork, as illustrated in FIGS. 1(a) and 1(c). The

substrate.

cages form around an alkali metal atom, A, such as sodium,

Na, potassium, K, rubidium Rb, or cesium Cs, present in the
structure, so that crystalline compounds With stoichiometry
AxSiy are formed.
TWo classes of silicon clathrates With different crystal

10

The present invention is directed to the groWth of silicon
clathrate materials as strongly adhering ?lms on selected
portions of the substrates made of conventional silicon. The

structures are knoWn: the ?rst is a metallic “line phase” or

?xed stoichiometry compound, for example Na8Si46, illus

SUMMARY OF THE INVENTION

selectably located silicon clathrate ?lms of the present
15

invention are therefore compatible With mature silicon

trated in FIG. 1(c) and the second is a variable alkali metal

device technology, Which at present, is very Well developed.

content system, for example, NaxSi136 (illustrated in FIGS.

The present invention makes it possible to use all the
advanced properties of silicon clathrates for various electro

1(a) and 1(b)), Which is a semiconductor for 0<x<10 and a
metal for 102x224.
Theoretical calculations predict and the inventors oWn

optic and electronic applications, Which include forming p-n
or Schottky-type junctions With ordinary silicon Which is

optical measurement data, illustrated in FIG. 2, con?rm that

present in the substrate.
The present invention is also directed to the groWth of
germanium clathrate materials as strongly adhering germa
nium clathrate ?lms on selected portions of substrates made

semiconducting silicon clathrates exhibit a fundamental
semiconducting gap of approximately 1.9 eV, Which is a
drastic increase over the 1.17 eV for pure silicon. The bands

in the photoluminescence (PL) spectra observed in silicon

25

clathrate ?lms are attributed to the radiative electronic

transitions from the conduction band and impurity levels to

silicon clathrate ?lms includes a ?rst step of depositing an

the valence band. The fundamental semiconducting bandgap

alkali metal on a selected portion of a silicon substrate to
induce a chemical reaction betWeen the silicon substrate and
the alkali metal to form a layer of the alkali metal, a layer

is identi?ed With the loW-Wavelength side cut-off energy of
the PL band that is approximately 1.9 eV as indicated by the
arroW in FIG. 2.

of Zintl phase alkali metal silicide, and an n-type silicon
layer on the silicon substrate. The second step includes

This increase moves the bandgap up from the infrared

light region to the visible light region, Which is a commer

vacuum annealing to remove the alkali metal layer and

cially valuable property.
For electro-optic applications, this means that silicon
clathrates can be used to make a visible light emitter (light
emitting diode or solid state laser). Silicon clathrates can
also absorb visible light and provide an electronic response

35

acting as an optical detector or provide electrical poWer as

decompose the Zintl phase alkali silicide layer into a silicon
clathrate ?lm and an intermediate n-type silicon layer. In the
third step, the silicon substrate With the intermediate n-type
silicon layer adhered thereto and the silicon clathrate ?lm
adhered to the intermediate n-type silicon layer are Washed
to remove possible unreacted remnants of the alkali metal or
alkali metal silicide and then dried. Formation of a silicon
clathrate phase on the silicon substrate surface Was con

a silicon clathrate solar cell, With dramatically enhanced
ef?ciency as compared to conventional silicon. Silicon
clathrates can also be utiliZed in electronic applications as

?rmed by x-ray diffraction and Raman scattering techniques.
The resulting silicon clathrate structure, including the

ordinary heterojunction semiconductor devices (a
semiconductor-semiconductor junction), as metal contacts

on silicon devices, or Schottky barrier devices (a

of conventional germanium.
The method of the present application Which groWs

45

semiconductor-metal junction).
HoWever, one problem With conventional silicon clath
rates is that none of the presently knoWn methods of

manufacturing silicon clathrates are conducive for the appli
cations described above. The prior art techniques for form
ing silicon clathrates all begin With silicon poWder. The

silicon clathrate ?lm and the intermediate n-type silicon
layer, is useful as a heterojunction, With the silicon substrate
acting as a narroW bandgap semiconductor and the NaxSi136
(x<10) silicon clathrate ?lm groWn on the surface of the
silicon substrate acting as a large bandgap semiconductor.

The resulting silicon clathrate structure, including the silicon
clathrate ?lm and the intermediate n-type silicon layer, is

silicon poWder is exposed to an excess amount of hot sodium

also useful as a Schottky barrier device With the silicon

so that the sodium and silicon atoms interact to form an

substrate acting as the semiconductor and the NaxSi136
(102x224) silicon clathrate ?lm groWn on the surface of
the silicon substrate acting as the metal.
The silicon clathrate structure of the present invention

alkali silicide With a Zintl phase structure. The Zintl phase
is further decomposed to remove the excess sodium to 55

thereby form a silicon clathrate. The resulting silicon clath

may also be utiliZed as an opto-electronic device, a visible
light detector or emitter. The silicon clathrate structure of the
present invention may also be used as a solar cell With

rate is a ?ne poWder With thousands of silicon clathrate

“cages” forming each particle. In such a form, it is impos
sible to bond the individual silicon clathrate particles to a
silicon Wafer, in order to utiliZe the silicon clathrate in the

increased efficiency as compared to analogous devices made
of conventional silicon. Finally, the silicon clathrate struc

applications discussed above. The resulting silicon clathrate

poWder also includes other crystallographic phases and/or

ture can be utiliZed as an x-ray radiation detector, Where the

pure silicon.

semiconducting NaxSi136 (x<10) silicon clathrate coating is

The present invention solves this problem by providing
a method of manufacturing a silicon clathrate ?lm, Which is
bonded to a silicon substrate. This method produces a silicon
clathrate layer and an intermediate n-type silicon layer on

65

a surface ?nish layer and/or an n-type semiconductor layer.
The method of the present application Which groWs
germanium clathrate ?lms includes a ?rst step of depositing
an alkali metal on a selected portion of a germanium

6,103,403
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substrate to induce a chemical reaction betWeen the germa
nium substrate and the alkali metal to form a layer of the

(for sodium). The sealed evacuated quartZ tube 30 includes
a stainless steel tube 32 and stainless steel plug 34, as
illustrated in FIG. 3(b). This results in the formation of a

alkali metal, a layer of Zintl phase alkali metal germanide,
and an n-type germanium layer on the germanium substrate.

layer of alkali metal silicide (NaSi). The layers present after
the ?rst step of the method of the present application are
illustrated in FIG. 4(a). The layers include the silicon

The second step includes vacuum annealing to remove the

alkali metal layer and decompose the Zintl phase alkali

substrate 10, an n-type silicon layer 12, the Zintl phase alkali
metal silicide (NaSi) layer 14, and the alkali metal layer 16.

germanide layer into a germanium clathrate ?lm and an

intermediate n-type germanium layer.
BRIEF DESCRIPTION OF THE DRAWINGS

10

deposition.

The present invention Will become more fully understood

from the detailed description given hereinbeloW and the
accompanying draWings Which are given by Way of illus
tration only and thus not limitative of the present invention,
Wherein:
FIG. 1(a) illustrates the structure of a NaxSi136 silicon

In the second step of the method of the present invention,
in a preferred embodiment, the alkali metal silicide is

thermally decomposed (for example by vacuum annealing)
15

FIG. 3(c), by heating the alkali metal silicide layer 14 at a
preferred embodiment for sodium), in order to transform the

Si2O and Si28 (Which are building blocks of a Si136 structure),
and FIG. 1(c) illustrates Na8Si46, a metallic “line phase” or
FIG. 2 illustrates the room temperature photolumines
cence spectrum of a NaSSi136 ?lm;
FIGS. 3(a)—3(a) illustrate the steps involved in the selec
tive groWth of the silicon clathrate ?lm on a substrate;

20

a silicon clathrate ?lm 18 having the structure illustrated in

25

silicon clathrate structure of the present application;
FIG. 5 illustrates the sodium concentration as a function

of depth in the silicon clathrate structure of the preferred

30

FIG. 7 illustrates the x-ray diffraction pattern of the
35

FIGS. 8(a)—8(a) illustrate the steps involved in the selec

a semiconductor. As set forth above, this semiconductor is a
40

description and speci?c examples, While indicating pre
45

apparent to those skilled in the art from this detailed descrip
tion.

The present application is directed to a novel method for

Wide bandgap semiconductor, Which is usable for visible
opto-electronic applications. Conventional silicon in the
diamond structure is an intermediate bandgap, and therefore,

inafter. HoWever, it should be understood that the detailed

Detailed Description of the Preferred Embodiment

in the second step controls the type of clathrate structure

Which is produced. If the decomposition temperature is 320°
to 430° C., the resulting NaxSi136 (x<10) silicon clathrate is

tive groWth of a germanium clathrate ?lm on a substrate; and

ferred embodiments of the invention, are given by Way of
the illustration only, since various changes and modi?ca
tions Within the spirit and scope of the invention Will become

illustrating the sodium concentration as a function of depth,
Where depth is measured from the top of the silicon clathrate
layer 18 is illustrated in FIG. 5. As illustrated in FIG. 5, the
sodium concentration in the silicon clathrate layer 18 is

the intermediate n-type silicon layer 12, until there is vir
tually no sodium present in the silicon substrate 10.
The decomposition temperature of the alkali metal silicide

spectrum of the NaSSi136 ?lm;

FIGS. 9(a) and 9(b) illustrate the layers present in the
germanium clathrate structure of the present application.
Further scope of applicability of the present invention Will
become apparent from the detailed description given here

FIG. 1(a). The layers present after the second step of the
method of the present application are illustrated in FIG. 4(b).
The layers include the silicon substrate 10, the intermediate
n-type silicon layer 12 and the silicon clathrate 18. A graph

approximately constant and decreases drastically through

FIG. 6 illustrates the room temperature Raman scattering

NaSSi136 ?lm;

alkali silicide layer 14 into a silicon clathrate ?lm 18. In the
second step, most of the excess alkali metal layer 16 is

removed and the alkali silicide layer 14 is decomposed into

FIGS. 4(a) and 4(b) illustrate the layers present in the

embodiment;

in a dynamic vacuum of at least 10-3 Torr, as illustrated in

temperature of 250° to 450° C. for 3 to 30 hours (in a

clathrate, FIG. 1(b) illustrates tWo types of silicon cages,

?xed stoichiometry compound;

The alkali metal layer 16 may be deposited on the silicon
substrate 10 by vacuum deposition or electro-chemical

is limited only to infrared applications.
If the decomposition temperature is less than 340° C., a
metal phase of NaxSi136 (x210) is formed and if the
decomposition temperature is greater than 410° C., a metal
phase of Na8Si46 is formed. If the decomposition tempera
ture is 320° to 340° C. or 410° to 430° C., the resulting
silicon clathrate is a mixture of semiconducting and metal

50

phases.
In the third step of the method of the present invention as
illustrated in FIG. 3(a), the silicon substrate 10 With the

silicon clathrate ?lm 18 groWn thereon is Washed in a
distilled Water and/or ethanol bath 36 at room temperature
present invention, an alkali metal 16 (in a preferred 55 for 0.5 to 5 hours in order to remove any possible unreacted
remnants of the alkali metal or remnants of the alkali metal
embodiment, sodium) is deposited on a selected portion of
silicide. The resulting con?guration includes the clathrate
a surface of a silicon substrate 10, and both the alkali metal
layer 18, the intermediate n-type silicon layer 12, and the
16 and the silicon substrate 10 are heated, Which results in
silicon substrate 10, as illustrated in FIG. 4(b). The forma
a chemical reaction betWeen the silicon substrate 10 and the
alkali metal 16, as illustrated in FIG. 3(a). The silicon 60 tion of the silicon clathrate phase on the silicon substrate 10
is evidenced by x-ray diffraction and Raman scattering
substrate 10 may be a silicon Wafer or a deposited silicon
techniques, as illustrated in FIGS. 6 and 7.
?lm.
making a silicon clathrate structure and also to a novel
silicon clathrate structure. In a preferred embodiment of the

In a preferred embodiment, the molar ratio of the silicon

X-ray poWder diffraction spectra are analyZed using a

substrate to the alkali metal is 10:1 to 1:1 and is carried out
Rietveld structural analysis technique Which obtains a com
in an inert atmosphere (argon, helium, etc.) or in a vacuum 65 plete crystallographic description of samples. The Raman

of approximately 10-3 Torr, inside a sealed, evacuated quartZ

scattering technique is primarily used to study vibrational

tube 30 at a temperature of 500° to 600° C. for 0.5 to 5 hours

properties of samples, but it also can be used to detect

6,103,403
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impurity amounts of other phases, such as diamond-lattice
Si Which are below the sensitivity range of X-ray diffraction
techniques. All the observed X-ray diffraction and Raman

the alkali metal layer 86, as illustrated in FIG. 8(a). The
germanium substrate 80 may be a germanium Wafer or a

lines in FIGS. 6 and 7 are narroW and can be identi?ed With

germanium substrate 80 and the alkali metal layer 86 are

the diffraction pattern and the vibrational modes,
respectively, a NaSSi136 ?lm. The data in FIGS. 6 and 7
indicates that the ?lm contains only one crystallographic

sealed inside a stainless steel tube 92 under an inert atmo

deposited germanium ?lm. In a preferred embodiment, the

sphere (for eXample argon gas), as illustrated in FIG. 8(b).
The sealed stainless steel 92 With the sample is heated in a

phase (Na5Si136), and that the sample is highly crystalline.

vacuum of 0.1 to 10-3 Torr at a temperature of 300° to 400°

Although the above embodiment discloses the use of

sodium, any other alkali metal could also be used, including

10

potassium, rubidium or cesium. In fact, any element Which
readily diffuses into a silicon platform, and forms a Zintl
phase structure as disclosed above, could be utiliZed as the

the germanium substrate 80, an n-type germanium layer 82,

dopant. This Would also include other metals such as rare

earth metals and magnetic metals.

15

In summary, the main difference betWeen the method

disclosed in the present application for making a silicon
clathrate structure and prior art methods are (1) the direct
contact of the alkali metal With the silicon substrate; and (2)
the area selectivity of the reaction in only those regions
Where the alkali metal makes direct contact With the silicon
substrate. Due to the extremely high alkali metal concen
tration at the area in direct contact With the silicon substrate,
as compared With the entire silicon surface area, a relatively
loWer reaction temperature and shorter reaction time is

C. for 1 to 30 hours (the values for one preferred embodi
ment using sodium) to form a sodium germanide, NaGe. The
layers present after the ?rst step of the method of the present
application are illustrated in FIG. 9(a). The layers include

a an alkali metal germanide (NaGe) layer 84, and a layer of
alkali metal 86. The alkali metal 86 may be deposited on the
germanium substrate 80 by vacuum deposition or electro

chemical deposition.
20

In the second step of the method of the present invention,
in a preferred embodiment, the alkali metal germanide is

thermally decomposed (for eXample by vacuum annealing)
in a dynamic vacuum of at least 10-3 Torr, as illustrated in

FIG. 8(c), by heating the alkali metal germanide at a
temperature of 200° to 350° C. for 1 to 30 hours (in a
25

preferred embodiment for sodium), in order to transform the
alkali germanide layer 84 into a germanium clathrate ?lm

needed, in order to form the Zintl phase alkali metal silicide

88. In the second step, most of the eXcess alkali metal layer

of the present invention. The other unreacted areas on the

86 is removed and the alkali germanide layer 84 is decom
posed into a germanium clathrate ?lm 88. The layers present
after the second step of the method of the present application
are illustrated in FIG. 9(b). The layers include the germa

silicon substrate can be treated using traditional silicon
technology to create electronic components on the same

substrate, thereby for the ?rst time integrating both optical

30

and electronic elements in a single silicon chip. This Will
alloW faster transfer of optical-based information to the

nium substrate 80, the intermediate n-type germanium layer

processing electronics, reduce cross-talk, and reduce propa

gation delay.
As a result, four important advantages of groWing silicon

35

clathrates as a ?lm on a selected portion of a silicon substrate
are:

1. the integration of optical and electronic elements on a

single silicon chip;

40

2. ?at smooth optical surfaces on the silicon clathrate

germanium clathrate ?lm 88 groWn thereon is Washed in a
distilled Water and/or ethanol bath 96 in order to remove any
possible unreacted remnants of the alkali metal or remnants

of the alkali metal germanide. The resulting con?guration
includes the germanium clathrate layer 88, the intermediate
n-type germanide layer 82, and the germanium substrate 80,
as illustrated in FIG. 9(b).

region for emission and detection of light;
3. higher crystalline quality of the samples obtained, as

The invention being thus described, it Will be obvious that
the same may be varied in many Ways. Such variations are

indicated by narroW X-ray diffraction and Raman scat

tering lines; and

82 and the germanium clathrate 88.
In the third step of the method of the present invention as
illustrated in FIG. 8(a), the germanium substrate 80 With the

45

4. the ability to obtain crystallographic phases free of

not to be regarded as a departure from the spirit and scope
of the invention, and all such modi?cations as Would be
obvious to one skilled in the art are intended to be included

impurities.

Within the scope of the folloWing claims.
What is claimed:
1. A silicon clathrate structure, comprising:

Additionally, the silicon clathrate layer and resulting
silicon clathrate structure disclosed in the present invention
are chemically very inert and stable at ambient conditions

(as much as pure silicon) and therefore, their properties are
easy to reproduce and control, in contrast With porous
silicon, Whose properties are very dif?cult to control, Whose

a silicon substrate;
a silicon clathrate ?lm on a selected portion of said silicon

?lms are not suf?ciently smooth, and Which are very sen

an intermediate n-type silicon layer, bonding said silicon

sitive to ambient conditions, Which preclude their practical

substrate; and
55

application.
In another preferred embodiment, the present application
is directed to a novel method for making a germanium
clathrate structure and also to a novel germanium clathrate
structure. In a preferred embodiment of the present

invention, an alkali metal (in the present description,
sodium) is deposited on a selected portion of a surface of a

germanium substrate 80, and both the alkali metal and the
germanium substrate 80 are heated, Which results in a

chemical reaction betWeen the germanium substrate 80 and

clathrate to said silicon substrate.
2. The silicon clathrate structure of claim 1, Wherein said
silicon clathrate ?lm includes an alkali metal.

60

3. The silicon clathrate structure of claim 2, Wherein the
alkali metal is sodium.
4. The silicon clathrate structure of claim 1, Wherein said
silicon clathrate ?lm includes a rare earth metal.

5. The silicon clathrate structure of claim 1, Wherein said
silicon clathrate ?lm includes a metal.

